Introduction
============

Lung cancer is the main cause of cancer-associated mortalities worldwide. Clinically, lung cancer is divided into small cell lung cancer (SCLC) and non-SCLC (NSCLC), and NSCLC accounts for \~85% of all lung cancers ([@b1-mmr-12-04-5796]). To date, despite multimodality treatments consisting of extended surgical resection, radiotherapy and chemotherapy, NSCLC only has a five-year survival rate of \<20% ([@b2-mmr-12-04-5796]). Hence, it is important and urgent to develop novel effective agents and approaches to treat NSCLC.

Flavonoids are a group of natural non-essential compounds that are abundantly present in fruits, vegetables, tea, seeds, nuts and red wine. Numerous flavonoid agents have been used to treat human cancers ([@b3-mmr-12-04-5796]). Quercetin is a plant-derived bioflavonoid that exhibits several biological functions *in vitro* and *in vivo*, including anti-inflammatory, anti-oxidative and anti-cancer effects ([@b4-mmr-12-04-5796]). A recent study has shown that an immediate 3′-*O*-methylated metabolite of quercetin, named isorhamnetin, exerts a greater anti-tumor effect as compared with that of quercetin in human colon cancer cells ([@b5-mmr-12-04-5796]). The anti-tumor effects of ISO been investigated in a number of cancer types, including colorectal, skin and gastric cancers ([@b6-mmr-12-04-5796]--[@b8-mmr-12-04-5796]). However, to the best of our knowledge, the anti-cancer effect of ISO has not been investigated in lung cancer. Thus, the present study investigated the anti-proliferative and pro-apoptotic effects of ISO on the growth of human NSCLC cells.

Apoptosis, or programmed cell death, is a multi-step process that is important in controlling the cell number and proliferation as part of normal development; however, in cancer cells, cell cycle checkpoints and the subsequent progression of apoptosis are frequently inactivated. Consequently, the induction of apoptosis has been emphasized in anti-cancer strategies ([@b9-mmr-12-04-5796],[@b10-mmr-12-04-5796]). Regarding the initiation and execution of cell death, two apoptotic pathways have been identified: The extrinsic (Fas death receptor-mediated) and intrinsic (mitochondrial) pathways. Either of the two pathways involves the activation of caspases ([@b11-mmr-12-04-5796],[@b12-mmr-12-04-5796]). Autophagy is the primary mechanism to clear the cell from toxic proteins and damaged organelles ([@b13-mmr-12-04-5796],[@b14-mmr-12-04-5796]). However, autophagy has been found to be associated with tumorigenesis and tumor progression. Autophagy can act as a potential tumor suppression factor by removing damaged organelles/proteins, suppressing cell growth and avoiding genomic instability in normal cells ([@b15-mmr-12-04-5796],[@b16-mmr-12-04-5796]). However, when tumorigenesis occurs, cancer cells can utilize autophagy to confer stress tolerance, including an acidic environment, hypoxia and nutrition deficiency, which serves to promote tumor cell survival ([@b17-mmr-12-04-5796]). In fact, a number of existing chemotherapeutic drugs designed to kill cancer cells by inducing apoptosis are most likely to also induce autophagy ([@b18-mmr-12-04-5796]). Drug-activated autophagy in cancer cells, in turn, causes resistance of the cells to death and decreases the curative effects ([@b19-mmr-12-04-5796]). In fact, inhibition of autophagy has been shown to enhance the anti-tumor effect of diverse chemotherapeutic drugs ([@b20-mmr-12-04-5796]--[@b22-mmr-12-04-5796]).

In the present study, the effects of ISO on autophagy in A549 cells was investigated. For this, the effect of the inhibition of autophagy on ISO-mediated cytotoxicity and apoptosis was investigated. Furthermore, the effects of ISO on lung cancer cells were demonstrated *in vivo*. To the best of our knowledge, the present study was the first to report the effects of ISO on human lung cancer cells.

Materials and methods
=====================

Cell lines and reagents
-----------------------

The NSCLC cell line A549 was obtained from the Chinese Type Culture Collection Center (Wuhan, China), were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen Life Technologies, Carlsbad, CA, USA) with 10% fetal calf serum (FCS; Invitrogen Life Technologies). Enhanced green fluorescent protein (EGFP)-light chain 3 (LC3) plasmid was kindly provided by Professor Marja Jäättelä (Cell Death and Metabolism Research Unit, Danish Cancer Society Research Center, Copenhagen, Denmark). Transfection reagent Lipofectamine 2000 was purchased from Invitrogen Life Technologies. The fluo-rescein isothiocyanate (FITC) Annexin V and propidium iodide (PI) kit for apoptosis detection was purchased from Invitrogen Life Technologies. The JC-1 kit for the mitochondrial membrane assay was from Beyotime Institute of Biotechnology (Haimen, China). ISO, chloroquine (CQ), 3-methyladenine (3-MA) and monodansylcadaverine (MDC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The following antibodies were used in the present study: Rabbit anti-human/mouse/rat caspase 3 polyclonal antibody (cat no. GTX110543); rabbit anti-human caspase 3 (cleaved Asp175) polyclonal antibody (cat no. GTX86909); rabbit anti-human/mouse/rat pro-caspase 9 polyclonal antibody (cat no. GTX61008); rabbit anti-human/mouse PARP poly-clonal antibody (cat no. GTX100573); rabbit anti-human beta actin polyclonal antibody (cat no. GTX109639); rabbit anti-human/rat/mouse cytochrome C polyclonal antibody (cat no. GTX108585) (all from Genetex, Irvine, CA, USA). LC3 antibodies (cat. no. 2775) were from Cell Signaling Technology (Beverly, MA, USA). Beclin1 and PCNA (cat. no. sc-53407) antibodies were from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Secondary antibodies (anti-rabbit and anti-mouse HRP-conjugated) were purchased from Keygen Biotech (Nanjing, China).

MTT assay
---------

An MTT assay was used to determine the cell viability. Briefly, 1×10^4^ A549 cells/well in a 96-well plate were treated with various concentrations of ISO (0-16 *μ*M) in the presence or absence of autophagy inhibitors (10 mM 3-MA or 50 *μ*M CQ). At the appropriate time-points, 20 *μ*l MTT \[Sangon Biotech, Shanghai, China; 5 mg/ml in phosphate-buffered saline (PBS)\] was added for 4 h at 37°C and then all liquid was carefully removed. Optical density (OD) values were measured with a spectrophotometer (DU-7400; Beckmann-Coulter, Brea, CA, USA) at 490 nm following continuous agitation for 15 min with 100 *μ*l dimethyl sulfoxide (DMSO; Sigma-Aldrich). The inhibitory rate was calculated according to the following formula: Inhibitory rate (%) = \[1-(OD of the experimental samples/OD of the control)\] ×100%.

Colony formation assay
----------------------

A549 cells were seeded in triplicate into a six-well plate (1×10^4^ cells/well) and cultured in DMEM with 2.5% bovine serum albumin (Sigma-Aldrich) in the presence or absence of ISO (2-8 *μ*M). After 10 days, the resulting colonies were stained with 0.05% of crystal violet (Sangon Biotech) and images were captured.

Annexin V-fluorescein isothiocyanate/PI apoptosis assay
-------------------------------------------------------

A549 cells were treated with various concentrations of ISO (0-16 *μ*M) in the absence or presence of 10 mM 3-MA or 50 *μ*M CQ for 24 h, and then single-cell suspensions were prepared using EDTA-free trypsin (Sangon Biotech) digestion. Cells were stained according to the instruction manual of the FITC-Annexin V and PI kit and analyzed using flow cytometry (FACS Influx SE, BD Biosciences, Franklin Lakes, NJ, USA).

DNA fragmentation assay
-----------------------

A549 cells were cultured in the presence or absence of 16 *μ*M ISO for various durations (0, 6, 12, 24, 48 or 72 h). Cells were then collected and washed with PBS. The pellet was homogenized in 450 *μ*l lysis buffer (20 Mm Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0, 0.2% Triton X-100; Sangon Biotech) by pipetting through a blue pipette nozzle and incubated for 10 min on ice. The lysates were centrifuged for 15 min at 13,000 × g and the supernatants were incubated at 50°C overnight with proteinase K (2 mg/ml; Sangon Biotech). DNA was precipitated with two volumes of 100% ethanol and 0.1 volumes of 3 M sodium acetate for 2 h at 70°C. DNA was pelleted at 12,000 × g for 15 min and washed twice with 70% ethanol. DNA was dissolved in distilled water containing 1 mg/ml RNase A (Sangon Biotech), incubated for 30 min at 37°C, and analyzed by electrophoresis on 1.5% agarose gels (Sangon Biotech) and staining with ethidium bromide (Sangon Biotech).

Cell cycle analysis
-------------------

In order to assess whether the apoptotic effects of ISO were dependent on caspases, A549 cells were incubated with caspase-9 inhibitor Z-LEHD-FMK (BioVision, San Francisco, CA, USA) or caspase-3/7 inhibitor Z-DEVD-FMK (R&D Systems, Minneapolis, MN, USA) for 2 h followed by treatment of the cells with ISO for 48 h and subsequent flow cytometric cell cycle analysis. Following the above treatments, cells were harvested and washed in PBS. Cells were fixed in 1 ml cold 70% ethanol for 30 min on ice. Cells were pelleted at by centrifugation at high speed and the supernatant was discarded. Following two washes with PBS, the cells were incubated with 50 *μ*l RNAse A solution to remove any RNA. Subsequently, 400 *μ*l PI solution per 1×10^6^ cells was added and mixed. Cells were incubated for 10 min at room temperature and subjected to flow cytometric analysis (FACS Influx SE), for which at least 10,000 events were observed.

Measurement of mitochondrial membrane potential
-----------------------------------------------

The mitochondrial membrane potential was assessed using the JC-1 assay. A549 cells were treated with 16 *μ*M ISO for 24 h. Subsequently, 1X JC-1 suspension was added to treat the cells for 15 min at 37°C and images of the cells were captured using confocal microscopy (FV100; Olympus, Tokyo, Japan). In healthy cells with high mitochondrial membrane potential, JC-1 is present as J-aggregate complexes with red fluorescence, while in apoptotic or unhealthy cells with reduced mitochondrial membrane potential, JC-1 remains in the monomeric form, which is characterized by green fluorescence. Furthermore, the mitochondrial membrane potential was assessed using the tetramethylrhodamine ethyl ester (TMRE) assay. For this, A549 cells were treated with ISO (8 *μ*M) for 12, 24 or 48 h. The cells were then washed with cold PBS and stained by adding 200 nM TMRE (Sangon Biotech), a fluorescent potential-dependent indicator, followed by incubation for 30 min at 37°C. JC-1 staining was observed by fluorescence microscopy (Ti-E; Nikon Corporation, Tokyo, Japan) and the mitochondrial membrane potential was detected by flow cytometry (FACS Influx SE) at 582 nm.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was extracted with TRIzol (Invitrogen Life Technologies) following the manufacturer\'s instructions. First-strand cDNA was prepared by reverse transcription with Superscript II reverse transcriptase (Invitrogen Life Technologies) and oligo(dT) primers and stored at 20°C. Real-Time polymerase chain reaction (Real-Time PCR) was performed using SYBR^®^ Premix Ex Taq™ II (Takara Bio Inc., Shiga, Japan) on an ABI 7300 QPCR system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The PCR cycling conditions were as follows: 95°C for 5 min, followed by 95°C for 5 sec and 60°C for 34 sec for 39 cycles. As an internal control, levels of GAPDH were quantified in parallel with target genes. Normalization and fold changes were calculated using the ∆∆Ct method ([@b23-mmr-12-04-5796]). Primers (Beijing Genomics Institute, Beijing, China) for detection of gene expression were as follows: GAPDH forward, 5′-TGGGGTGAGGCCGGTGCTGA-3′ and reverse, 5′-GGCATCGGCAGAAGGGGCGG-3′; caspase-3 forward, 5′-CAGAGCTGGACTGCGGTATTGA-3′ and reverse, 5′-AGCATGGCGCAAAGTGACTG-3′; caspase-8 forward, 5′-CTGGGAAGGATCGACGATTA-3′ and reverse, 5′-CATGTCCTGCATTTTGATGG-3′; caspase-9 forward, 5′-AGCCAGATGCTG TCCCATAC-3′ and reverse, 5′-CAGGAGACAAAACCTG GGAA-3′; B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax) forward, 5′-AGACAGGGGCCTTTTTGCTAC-3′, and reverse, 5′-AATTCGCCGGAGACACTCG-3′; Bcl-2 forward, 5′-CATGCTGGGAGCGTCACAT-3′ and reverse, 5′-CTCCACT GAACTCGTACAAACTT-3′; Bcl-2-like protein 2 (Bclw) forward, 5′-GGTGACCTACCTGGAGACACG-3′ and reverse, 5′-GTCCTCACTGATGCCCAGTTC-3′; myeloid cell leukemia 1 (Mcl-1) forward, 5′-GAAACAGCATGAGGTGTGGTA′ and reverse, 5′-AGCCGAAGTTAAAACCTGTCC-3′; BH3 interacting-domain death agonist (Bid) forward, 5′-GTGATG TCAGATATGGGCAGAG-3′ and reverse, 5′-ATCCCACGG ATGGATAGGTCG-3′; Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3 (Bnip3) forward, 5′-GGTCCAGTAGACCCGAAAACA-3′ and reverse, 5′-TGT GCTCAGTCGCTTTCCAAT-3′; Bcl-2 homologous antagonist/killer (BAK) forward, 5′-CATCAACCGACGCTATGACTC-3′ and reverse, 5′-GTCAGGCCATGCTGGTA GAC-3′; P53 forward, 5′-ACAAGGTTGATGTGACCT GGA-3′ and reverse, 5′-TGTAGACTCGTGAATTTCGCC-3′; P21 forward, 5′-TGCTGAATCTACGCAACCGAT-3′ and reverse, 5′-TCCAGTGGCGAATCATCTACAT-3′; and p53-upregulated modulator of apoptosis (Puma) forward, 5′-GACCTCAACGCACAGTACGAG′ and reverse, 5′-AGGAGTCCCATGATGAGATTGT-3′.

Western blot analysis
---------------------

Cells were washed twice with PBS and lysed with lysis buffer. The concentration of the protein was determined by ultraviolet spectrophotometry (Ruili Analysis Instruments, Beijing, China). Equal amounts (10 *μ*g) of protein were separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (Sangon Biotech). The membrane was blocked with 5% non-fat milk in Tris-buffered saline containing Tween 20 (TBST; Sangon Biotech) for 2 h at room temperature and incubated overnight at 4°C with specific primary antibodies. After washing three times with TBST, the membrane was incubated with appropriate horseradish peroxidase-linked secondary antibody for 4 h at room temperature and then detected with an enhanced chemiluminescence detection kit (Sangon Biotech) in the dark.

Autophagy assay using pEGFP-LC3
-------------------------------

A549 cells seeded in six-well plates containing glass coverslips and transfected with pEGFP-LC3 plasmid for 24 h. Cells were either left untreated or pre-treated with autophagy inhibitors (10 mM 3-MA or 50 *μ*M CQ) for 1 h. An appropriate concentration of ISO was added for an additional 24h and the cells were then fixed in 4% paraformaldehyde. EGFP-LC3-II punctate dots were detected and counted using confocal microscopy as described previously ([@b24-mmr-12-04-5796]).

Observation of autophagic vacuoles by MDC staining
--------------------------------------------------

MDC has recently been reported as another specific marker for autophagic vacuoles ([@b25-mmr-12-04-5796]). In the present study, MDC was therefore used to detect autophagy. A549 cells were treated with ISO as described above for 24 h and 0.05 mM MDC was then added to medium for an additional 2 h at 37°C. Accumulation of MDC in autophagy-associated vacuoles was determined using confocal microscopy.

Cytochrome C immunoblotting
---------------------------

The cytosolic fraction was prepared as described previously ([@b26-mmr-12-04-5796]). A549 cells treated with ISO were collected and washed with cold PBS. Cell pellets were lysed in 40 ml lysis buffer \[20 mM 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid/NaOH, pH 7.5, 250 mM sucrose, 10 mM KCl, 2 mM MgCl~2~, 1 mM EDTA, 1 mM dithiothreitol, protease inhibitor cocktail\] for 20 min on ice. They were homogenized by passing the lysate through a 22-gauge needle 10 times. The homogenate was centrifuged at 25,000 × g for 30 min at 4°C and protein contents in the supernatant were measured using a Bio-Rad DC Protein Assay kit II (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The lysates containing 25 mg of protein were analyzed by western blotting for cytochrome *C* (1:2,000 dilution).

A549 tumor model
----------------

The study was approved by the ethics committee of the People\'s Hospital of Wuhan University (Wuhan, China). BALB/c nu/nu mice (five weeks old) were purchased from Guangdong Medical Laboratory Animal Center (Guangzhou, China). Mice were housed in a specific-pathogen-free environment maintained at 25±1°C with 55% relative humidity and given food and water *ad libitum*. A549 cells in sub-confluent condition were harvested and re-suspended in sterile PBS. A549 cells (6×10^5^ in 200 *μ*l PBS) were sub-cutaneously injected into the right flank of the BALB/c nu/nu mice. Four days after tumor inoculation, mice were given a daily intraperitoneal injection of ISO (0.5 mg/kg), and a percentage of the animals was co-injected with 3-MA (22.4 mg/kg) or CQ (10 mg/kg) ([@b27-mmr-12-04-5796]); each experimental group contained six mice. Tumor volumes were measured every three days with a caliper and calculated according to the formula V=1/2(L × W^2^), where L and W stand for length and width, respectively. All mice were sacrificed 13 days after tumor inoculation by CO~2~ inhalation following anesthesia by isofluorane inhalation and the tumors were excised and weighed.

Immunohistochemistry
--------------------

Tumor specimens were immediately removed from sacrificed mice and prepared for histological examination. Tumors were fixed in 4% neutral buffered formalin overnight, embedded in paraffin and sectioned to 6 *μ*m thickness. The tumor sections were immobilized and de-paraffinized by immersing in xylene, dehydrated in a graded series of ethanol and washed with distilled water. For antigen retrieval, the tumor sections were boiled in 10 mM sodium citrate buffer (pH 6.0) for 10 min and cooled to room temperature. After washing with Tris-buffered saline (TBS), endogenous peroxidase activity was blocked by incubation in 3% H~2~O~2~-methanol for 10 min at room temperature. The sections were stained with antibodies against proliferating cell nuclear antigen (PCNA; Santa Cruz Biotechnology, Inc.) and caspase-3 overnight at 4°C using Avidin-Biotin Complex and Diaminobenzidine kits (Vector Laboratories, Inc., Burlingame, CA, USA) and also counterstained with Mayer\'s hematoxylin solution (Sigma-Aldrich). Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining was performed using a TACS^®^ TdT kits (R&D Systems, Minneapolis, MN, USA) and counterstained with methyl green (Sangon Biotech). Images of all stained sections were captured using an Axiovert S 100 light microscope (Carl Zeiss, Inc., Oberkochen, Germany) at 400x magnification. At least four tumors were analyzed per group, and at least four fields of view each of at least six slices of each tumor were analyzed. Quantitative evaluation of the images was performed using PixeLink Capture OEM (Ottawa, ON, Canada) software and indexes were calculated as follows: Proliferative index (%) = (Number of PCNA positive cells/total cells) ×100, Apoptotic index (%) = (Number of TUNEL-positive cells/total cells) ×100, and cleaved caspase-3 index: (Number of caspase-3 positive cells/total cells) ×100.

Statistical analysis
--------------------

Values are expressed as the mean ± standard deviation of three independent experiments. Comparisons were performed using a two-tailed paired Student\'s t-test. GraphPad Prism version 5.01 (GraphPad Software, Inc., La Jolla, CA, USA) was used to conduct statistical analysis. P\<0.05 was considered to indicate statistically significant differences, which was denoted in figures as ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001.

Results
=======

ISO inhibits proliferation and induces apoptosis of NSCLC cells
---------------------------------------------------------------

To investigate the proliferation inhibition effect of ISO, an MTT assay was performed. As shown in [Fig. 1A](#f1-mmr-12-04-5796){ref-type="fig"}, ISO treatment significantly inhibited the proliferation of A549 cells in a dose- and time-dependent manner. In addition, ISO also significantly suppressed the colony formation ability of A549 cells in a dose-dependent manner ([Fig. 1B](#f1-mmr-12-04-5796){ref-type="fig"}).

In addition, to determine whether the growth inhibition is accompanied by an induction of apoptosis in A549 cells, apoptotic DNA fragmentation was assessed by gel electrophoresis. As shown in [Fig. 1C](#f1-mmr-12-04-5796){ref-type="fig"}, a ladder pattern of discontinuous DNA fragments was detected at 24 h after exposure to ISO, and the extent of DNA fragmentation was significantly elevated at 72 h. Similarly, a TUNEL assay also showed a significant increase in the number of apoptotic bodies following treatment with ISO ([Fig. 1D](#f1-mmr-12-04-5796){ref-type="fig"}). Furthermore, apoptosis was assessed using Annexin V/PI staining and flow cytometric analysis. As expected, ISO treatment resulted in a significant increase in the number of apoptotic cells with Annexin V-positive staining in a dose-dependent manner ([Fig. 1E](#f1-mmr-12-04-5796){ref-type="fig"}). All of these results demonstrated that ISO treatment significantly suppressed cell proliferation and colony formation, and induced apoptotic cell death in NSCLC cells in a time- and dose-dependent manner.

ISO induces mitochondria-dependent caspase activation
-----------------------------------------------------

With regard to apoptosis signaling, mitochondria are a central sensor and integration point for diverse apoptotic signals; furthermore, they function as the storehouse of cytochrome *C* and Smac/Diablo, which binds and disables inhibitors of apoptosis-associated proteins (IAPs) ([@b28-mmr-12-04-5796],[@b29-mmr-12-04-5796]). The \'apoptosome\' cascade or intrinsic pathway involves activation of pro-caspase-9 by cytochrome C released from the mitochondria, leading to the activation of the executioner pro-caspases (caspase-3, -6 and -7) that cleave poly (adenosine diphosphate ribose) polymerase (PARP) and other apoptotic protein substrates ([@b30-mmr-12-04-5796]). To investigate whether ISO-induced apoptosis was mitochondrial-dependent, mitochondrial membrane potential and caspase assays were performed. The permeabilization of mitochondria is one of the most important events during apoptosis ([@b31-mmr-12-04-5796],[@b32-mmr-12-04-5796]). Mitochondrial de-polarization in apoptotic cells can be detected by a decrease in the red/green fluorescence intensity ratio of the dye JC-1 as a result of its disaggregation into monomers. As shown in [Fig. 2A](#f2-mmr-12-04-5796){ref-type="fig"}, a significantly higher red/green fluorescence rate was observed in cells treated with DMSO only compared with that in ISO-treated cells, suggesting that ISO treatment resulted in the de-polarization and permeabilization of mitochondria of A549 cells. To further verify the depolarization of the mitochondrial membrane potential after ISO treatment (16 *μ*M), A549 cells were stained with TMRE followed by flow cytometric analysis at the indicated times. As shown in [Fig. 2B](#f2-mmr-12-04-5796){ref-type="fig"}, ISO treatment resulted in a left-shift of the TMRE fluorescence at as early as 12 h of incubation with ISO. The ratio of cells with intact mitochondrial membrane potential decreased from 90.2% in the control cells to 80.6, 65.5, and 34.2% at 12, 24, and 48 h of ISO treatment, respectively ([Fig. 2B](#f2-mmr-12-04-5796){ref-type="fig"}).

Furthermore, the ISO-induced alterations in the mRNA expression of apoptosis marker genes in A549 cells were examined. RT-qPCR analysis showed a significant (P\<0.01) upregulation in the expression of caspase-3 (9.6±0.53-fold), caspase-9 (9.4±0.65-fold), Bax (1.6±0.19-fold), p53 (5.89±0.21-fold), p21 (2.7±0.33-fold) and Puma (2.22±0.23-fold) at 12 h of treatment with 8 *μ*M ISO ([Fig. 3A](#f3-mmr-12-04-5796){ref-type="fig"}). In addition, the protein expression of cleaved-caspase-3, cleaved-PARP and pro-caspase-9 were detected by western blotting. As shown in [Fig. 3B](#f3-mmr-12-04-5796){ref-type="fig"}, the expression levels of cleaved-caspase-3 and cleaved-PARP were significantly increased following ISO treatment in a dose-dependent manner, whereas the levels of pro-caspase-9 were obviously decreased, indicating that ISO treatment resulted in the activation of the caspase-dependent apoptotic pathway. As it is known that caspase activation involves changes in mitochondrial permeability and the release of cytochrome *C*, the levels of cytochrome *C* in the cytosolic fraction were then examined. As shown in [Fig. 3C](#f3-mmr-12-04-5796){ref-type="fig"}, a signifi-cant increase of released cytochrome *C* was detected at 12 h after treatment with 16 *μ*M ISO. To further determine whether the ISO-induced apoptosis of NSCLC cells was caspase-mediated, A549 cells were incubated with caspase-9 inhibitor Z-LEHD-FMK or caspase-3/7 inhibitor Z-DEVD-FMK for 2 h followed by treatment of the cells with ISO for 48 h ([Fig. 3D and E](#f3-mmr-12-04-5796){ref-type="fig"}). These caspase inhibitors completely blocked the ISO-induced sub-G1 fractions in the cell cycle distribution. These results therefore suggested that ISO-induced apoptosis was mediated by mitochondria-dependent caspase activation.

ISO induces autophagy in NSCLC cells
------------------------------------

Numerous chemotherapeutic agents designed to kill cancer cells are also known to induce autophagy ([@b18-mmr-12-04-5796]). When autophagy is initiated, microtubule-associated protein 1 light chain 3 (LC3) is cut on the C-terminal to produce LC3-II protein. The resulting LC3-II is then preferentially translocated to the membranes of autophagosomes and shows a punctate staining pattern in the cytosol ([@b33-mmr-12-04-5796]). In order to detect autophagy, EGFP-LC3 was overexpressed in A549 cells. As shown in [Fig. 4A and B](#f4-mmr-12-04-5796){ref-type="fig"}, the number of autophagosomes with a punctate staining pattern was significantly increased in ISO-treated cells compared with that in untreated cells. Accordingly, the protein levels of LC3-II were also significantly increased in A549 cells treated with ISO in a dose-dependent manner ([Fig. 4C](#f4-mmr-12-04-5796){ref-type="fig"}). Beclin1 has been shown to be the activator of the Class III phosphoinositide 3-kinase (PI3K) complex that has an important role in the regulation of autophagy induction ([@b34-mmr-12-04-5796]). In the present study, it was found that the expression of Beclin1 was upregulated following ISO treatment ([Fig. 4C](#f4-mmr-12-04-5796){ref-type="fig"}).

To further confirm that ISO indeed induced autophagosome formation, an MDC staining assay was performed. Similar to the results of the EGFP-LC3-II translocation assay, ISO treatment also induced apparent accumulation of MDC in the cytoplasmic vacuoles compared to that in the control cells ([Fig. 4D](#f4-mmr-12-04-5796){ref-type="fig"}).

Inhibition of autophagy enhances the growth inhibition and pro-apoptotic effect of ISO
--------------------------------------------------------------------------------------

3-MA is a PI3K inhibitor, which suppresses autophagy formation by blocking the activity of the the Class III PI3K complex at an early stage of autophagy ([@b35-mmr-12-04-5796],[@b36-mmr-12-04-5796]). CQ inhibits autophagy by interfering with the fusion of autophagosomes and lysosomes at a late stage of autophagy ([@b37-mmr-12-04-5796],[@b38-mmr-12-04-5796]). As shown in [Fig. 5A](#f5-mmr-12-04-5796){ref-type="fig"}, pre-treatment with 3-MA significantly inhibited the ISO-induced autophagosome formation in the A549 cells ([Fig. 5A and B](#f5-mmr-12-04-5796){ref-type="fig"}). By contrast, an increased amount of ISO-induced autophagosomes was accumulated in the A549 cells pre-treated with CQ compared with that in cells treated with ISO only ([Fig. 5A and B](#f5-mmr-12-04-5796){ref-type="fig"}). Next, the protein levels of endogenous LC3-II were detected. As expected, 3-MA pre-treatment significantly inhibited the formation of endogenous LC3-II protein in ISO-treated cells, compared to that in cells treated with ISO only. However, there was no obvious difference in endogenous LC3-II levels between cells treated with ISO only and those co-treated with CQ ([Fig. 5C](#f5-mmr-12-04-5796){ref-type="fig"}).

Next, the effect of autophagy inhibition on ISO-induced growth inhibition and apoptosis was investigated. An MTT assay showed that pre-treatment with 3-MA or CQ markedly enhanced the growth inhibition induced by ISO treatment ([Fig. 5D](#f5-mmr-12-04-5796){ref-type="fig"}). Consistent with the MTT assay, the number of ISO-induced apoptotic cells was also markedly increased in the cells pre-treated with 3-MA and CQ compared with that in cells treated with ISO only ([Fig. 5E](#f5-mmr-12-04-5796){ref-type="fig"}). Collectively, these results suggested that inhibition of autophagy sensitized the A549 cells to ISO-induced growth inhibition and apoptosis.

Inhibitors of autophagy significantly enhance the inhibitory effect of ISO on mouse xenograft tumors
----------------------------------------------------------------------------------------------------

Confirmed by the marked anti-proliferative and apoptosis-inducing activities observed in cell culture experiments, the present study examined the anti-tumor activity of ISO *in vivo*. BALB/c nu/nu mice bearing A549 NSCLC xenografts were given a daily intraperitoneal injection of ISO. In a preliminary study, ISO showed an *in vivo* anti-tumor activity at 0.5 mg/kg/day, and this dose was therefore used in the present study. The growth of xenografts was monitored every three days over two weeks. Side effects, including body weight loss, mortality and lethargy were not observed in mice treated by ISO for two weeks. The final tumor size was markedly lower in the majority of the 0.5 mg/kg ISO-treated mice compared with that in the control group. Of note, the tumor size was significantly lower in the group co-injected with 3-MA (22.4 mg/kg) or CQ (10 mg/kg) ([Fig. 6A](#f6-mmr-12-04-5796){ref-type="fig"}), compared with that in the mice injected with ISO only. The tumor weight was 2.11±0.35 g in the control mice, 0.91±0.27 g in ISO-treated mice, 0.42±0.12 g in ISO and 3-MA co-injected mice and 0.58±0.16 in ISO and CQ co-injected mice, respectively ([Fig. 6B](#f6-mmr-12-04-5796){ref-type="fig"}). The results therefore indicated that autophagy inhibition markedly promoted the inhibitory effect of ISO on the NSCLC xenograft tumors.

Suppression of autophagy decreases ISO-induced growth suppression and enhances apoptosis of NSCLC in vivo
---------------------------------------------------------------------------------------------------------

To assess apoptosis in the experimental groups, TUNEL-positive cells were detected in the tumor tissue. Quantitative evaluation showed that the apoptotic index was 7±3% in the control tumors, while it was 33±5% in the ISO-treated tumors. As expected, the apoptotic index was increased to 65±8% in the ISO and 3-MA co-treated tumors, and 60±9% in the ISO and CQ co-treated tumors ([Fig. 6C and D](#f6-mmr-12-04-5796){ref-type="fig"}). In addition, the levels of cleaved caspase-3 showed a similar trend to that of the apoptotic rate in the different experimental groups ([Fig. 6C and D](#f6-mmr-12-04-5796){ref-type="fig"}). The proliferative indices in the groups were also assessed; as shown in [Fig. 6D](#f6-mmr-12-04-5796){ref-type="fig"}, in the control group, the proliferative index was 81±7%, whereas in all treatment groups, the proliferation was markedly decreased to 51±4% in the ISO-treated group, 23±5% in the ISO- and 3-MA-treated group and 32±4% in the ISO and CQ co-injected group. These results therefore supported that caspase-mediated apoptosis is a key contributor to tumor growth suppression and that suppression of autophagy markedly promoted the inhibitory effect of ISO on NSCLC.

Discussion
==========

ISO, an immediate 3′-O-methylated metabolite of quercetin, has been studied in recent years for its marked anti-cancer activity in several human cancer types ([@b6-mmr-12-04-5796]-[@b8-mmr-12-04-5796]). However, to date, the anti-cancer effects of ISO have not been investigated in lung cancer. In the present study, the anti-proliferative and pro-apoptotic effects of ISO on human NSCLC cells were investigated *in vitro* and *in vivo*. The results showed that ISO efficiently inhibited the proliferation and induced apoptosis of NSCLS cells in a time- and dose-dependent manner, indicating that ISO may be a potential candidate for a novel anti-lung cancer drug.

Numerous chemotherapeutic drugs designed to kill cancer, most likely by inducing apoptosis, including fluorouracil, arsenic trioxide, tamoxifen, paclitaxel, adriamycin and cisplatin, have been shown to also induce autophagy ([@b39-mmr-12-04-5796],[@b40-mmr-12-04-5796]). The present study found that ISO treatment of A549 cells resulted in the upregulated expression of endogenous LC3-II and Beclin1, the translocation to autophagosomes of GFP-LC3-II, and the accumulation of MDC in cytoplasmic vacuoles, suggesting that ISO also induced autophagy in lung cancer cells.

The *in vitro* and *in vivo* experiments of the present study as described above significantly enhanced the mechanistic understanding of the signaling events involved in the induction of apoptosis in lung cancer cells by ISO as well as their relevance to its *in vivo* tumor-inhibitory efficacy. Mechanistically, the *in vitro* results suggested that the induction of apoptosis by ISO proceeds through a mitochondrial pathway. This was indicated by loss of the transmembrane potential as cytochrome *C* was released into cytosolic fraction, decreased pro-caspase-9 levels (through cleavage), increased cleaved caspase-3 and PARP levels as well as DNA fragmentation, TUNEL positivity and sub-G1 apoptotic bodies. The critical role of the mitochondria/cytochrome *C*/caspase-9 cascade was supported by the complete blockage of apoptosis by the caspase-9 inhibitor Z-LEHD-FMK and caspase-3 inhibitor Z-DEVD-FMK. The detailed mechanisms of how ISO affects the mitochondria to initiate apoptosis signaling as well as a possible involvement of mitogen-associated protein kinase (MAPK) pathways (extracellular signal-regulated kimase, c-Jun N-terminal kinase and p38MAPK) pathways or the PI3K-AKT survival pathway require further investigation.

Autophagy has major protective roles in maintaining the homeostasis in the cells by clearing damaged organelles, such as mitochondria, and toxic proteins ([@b40-mmr-12-04-5796],[@b41-mmr-12-04-5796]). However, the functions and mechanisms of drug-induced autophagy in cancer cells have remained to be fully elucidated ([@b42-mmr-12-04-5796],[@b43-mmr-12-04-5796]). Most studies indicated that drug-induced autophagy can be divided into two types: Pro-survival autophagy and pro-death autophagy. Pro-survival autophagy induced by chemotherapeutic drugs was found to reduce the anti-tumor effects of the drugs, which indicated the presence of a cross-talk between apoptotic signaling and autophagy ([@b44-mmr-12-04-5796]-[@b46-mmr-12-04-5796]). The present study investigated the contributions of autophagy to ISO-induced apoptosis of lung cancer cells, and the results showed that ISO was able to induce autophagy. Pre-treatment with autophagy inhibitors 3-MA and CQ efficiently suppressed ISO-induced autophagy and enhanced ISO-induced growth inhibition as well as apoptosis in lung cancer cells. The results therefore indicated that ISO induced a pro-survival-type autophagy, and that co-treatment with autophagy inhibitors can be used to improve the therapeutic effects of ISO in lung cancer. The analyses of the mouse xenograft tumors showed a decreased PCNA index (\~20% reduction), as well as \>four-fold increases of TUNEL- and cleaved-caspase-3-positive tumor cells when the animals were co-treated with 3-MA or CQ compared with those following treatment with ISO only. This demonstrated that autophagy inhibition markedly promoted the suppressive effect of ISO on the growth of NSCLC xenograft tumors.

In conclusion, the present study demonstrated that ISO may serve as an anti-tumor agent to significantly suppress the cell viability and promote apoptosis of lung cancer cells. In addition, ISO treatment also induced a pro-survival-type autophagy and inhibition of this type of autophagy may enhance ISO-induced growth inhibition and apoptosis in lung cancer cells. Thus, the present study suggested the combined treatment with ISO and inhibitors of autophagy as an efficient strategy for anti-lung cancer therapy.
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![Effects of ISO on the viability and colony formation of A549 cells. (A) MTT cell viability assay. Values are expressed as the mean ± standard deviation of three independent experiments performed in duplicate. ^\*^P\<0.05; ^\*\*^P\<0.01, as compared with 0 *μ*M isorhamnetin. (B) Colony formation assay. A549 cells were treated with indicated concentrations of ISO for 72 h and cell colonies were visualized by crystal violet staining (magnification, ×40). (C) Apoptotic DNA fragmentation was detected by agarose gel electrophoresis at the indicated time-points after exposure to 16 *μ*M ISO. (D) Terminal deoxynucleotidyl transferase dUTP nick end labeling assay after exposure to 16 *μ*M ISO for 48 h (apoptotic bodies in green color) (scale bars, 50 *μ*m). (E) A549 cells were treated with indicated concentrations of ISO for 24 h, and cell apoptosis was measured by Annexin V/PI staining. ISO, isorhamnetin; FITC, fluorescein isothiocyanate; PI, propidium iodide.](MMR-12-04-5796-g00){#f1-mmr-12-04-5796}

![ISO induces apoptosis in A549 cells. (A) A549 cells were treated with indicated concentrations of ISO for 24 h, and mitochondrial membrane potential was detected using JC-1 staining method (scale bars, 10 *μ*m). (B) Cells were treated with 16 *μ*M ISO for the indicated times, harvested and stained with tetramethylrhodamine ethyl ester to determine mitochondrial membrane potential by flow cytometry. ISO, isorhamnetin; DMSO, dimethyl sulfoxide.](MMR-12-04-5796-g01){#f2-mmr-12-04-5796}

![ISO induces mitochondria-dependent caspase activation (A) Treatment with 8 *μ*M ISO for 12 h induced alterations in the mRNA expression of marker genes associated with apoptosis in A549 cells. (B) Cleaved-caspase-3, cleaved-PARP and pro-caspase-9 were detected after treatment with the indicated concentrations of ISO for 24 h. (C) A significant increase of cytochrome *C* release was detected at 12 h after 16-*μ*M ISO treatment. (D and E) Caspase-9 inhibitor Z-LEHD-FMK or caspase-3/7 inhibitor Z-DEVD-FMK significantly blocked the ISO-induced sub-G~1~ peaks. Cells were treated with 8 *μ*M ISO for 48 h. Values are expressed the mean ± standard deviation (n=4). ^\*\*^P\<0.01. C-cytochrome *C*, cytosolic cytochrome *C*; M-cytochrome *C*, mitochondrial cytochrome *C*; ISO, isorhamnetin; casp, caspase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; Bclw, Bcl-2-like protein 2; Mcl1, myeloid cell leukemia 1; bid, BH3 interacting-domain death agonist; BNIP3, Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3; Bak, Bcl-2 homologous antagonist/killer; Puma, p53-upregulated modulator of apoptosis; Con, control; PARP, poly(adenosine diphosphate ribose) polymerase.](MMR-12-04-5796-g02){#f3-mmr-12-04-5796}

![ISO induces autophagy in A549 cells. (A) pEGFP-LC3-transfected A549 cells were treated with different concentrations of ISO for 24 h and the GFP-LC3-II translocation to autophagosomes was observed using confocal microscopy (scale bar, 10 *μ*m). (B) The percentages of cells with LC3 translocation, as indicated by formation of dots, were counted (n=250 cells/sample). Cells were treated wth various concentrations of ISO for 24 h. Values are expressed the mean ± standard deviation of three independent experiments (^\*\*^P\<0.01). (C) A549 cells were treated with indicated concentrations of ISO for 24 h and endogenous LC3-II levels were detected by western blotting using LC3B antibody. (D) A549 cells were treated with indicated concentrations of ISO for 24 h and autophagy was detected by monodansylcadaverine staining (scale bar, 10 *μ*m). EGFP, enhanced green fluorescence protein; ISO, isorhamnetin; DMSO, dimethyl sulfoxide; LC3, microtubule-associated protein 1 light chain 3.](MMR-12-04-5796-g03){#f4-mmr-12-04-5796}

![Inhibition of autophagy sensitizes A549 cells to ISO-induced growth inhibition and apoptosis. (A) pEGFP-LC3-transfected A549 cells were treated with 4 *μ*M isorhamnetin alone or in combination with 10 mM 3-MA or 50 *μ*M CQ for 24 h, and autophagy was observed using confocal microscopy (scale bar, 10 *μ*m). (B) The percentages of cells with LC3 translocation as indicated by the formation of dots were counted (n=250 cells/sample). Values are expressed as the mean ± standard deviation of three independent experiments (^\*\*^P\<0.01). (C) Endogenous LC3-II levels in cells with the same treatment as in A were detected by western blotting using the LC3B antibody. (D) A549 cells were treated as in C, and an MTT cell viability assay was conducted. Values are expressed as the mean ± standard deviation of three independent experiments (^\*^P\<0.05; ^\*\*^P\<0.01). (E) A549 cells were treated as in C and apoptosis was detected using Annexin V/PI staining followed by flow cytometric analysis. ISO, isorhamnetin; DMSO, dimethyl sulfoxide; LC3, microtubule-associated protein 1 light chain 3; PI, propidium iodide; MA, methyladenine; EGFP, enhanced fluorescence protein; CQ, hydroxychloroquine; FITC, fluorescein isothiocyanate.](MMR-12-04-5796-g04){#f5-mmr-12-04-5796}

![Autophagy inhibition enhances the growth inhibitory effect of ISO on A549 xenograft tumors. (A) Images of harvested tumors at the end of the experiment. (B) Weights of tumors from the mice after two weeks of indicated treatments. (C) Representative immunohistochemical staining for PCNA and c-caspase-3 as well as TUNEL staining (scale bar, 50 *μ*m). (D) The proliferative and apoptotic index was calculated by the ratio of positive cells vs. total cells. Values are expressed as the mean ± standard deviation (n=6). ^\*\*^P\<0.01. PCNA, Proliferating cell nuclear antigen; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; CQ, hydroxychloroquine; ISO, isorhamnetin; MA, methyladenine; C-caspase, cleaved caspase.](MMR-12-04-5796-g05){#f6-mmr-12-04-5796}
